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The position of the beginning of transition
laminar/turbulent as a function of the thickness and the
camber of the profile at various Reynolds numbers and
1ift coefficients was investigated for a serles of
Joukowsky profiles, The calculation of the boundary
layer was carried out according to the Pohlhausen
method which may be continued by a simplified stability
calculation according to H. Schlichting (%). A list
of tables 1s given which permits the reading off of
the position of the transition point on suction and
pressure slde for each Joukowsky profile,
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(a) Influence of the .cqg~value and of the

Reynolds number

iﬁ; Influence of the camber of the profile £/t

¢) Influence of the thickness of the

profile -d/t

(a) List of tables for the separation and
instability points for all Joukowsky profiles

(e) Mean value of the laminar—flow distance of
suctlon and pressure side for all Joukowsky
profiles )

V. Sumary

VI. References

X,y

SYMBOLS

rectangular coordinates in the plane

profile contour length starting from
the nose of the profile

wing chord

length of the profile contour from
nose to trailing edge (different for
pressure and suction side)

velocity of incoming flow

potential veloclity at the profile

boundary layer thickness according to
Pohlhausen Pl

displacement thickness of the boundary
layer

nondlmensional boundary layer thickness

form parameter of the boundary—layer
profiles according to Pohlhausen P4
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form parameter according to
— -Pohlhausen P6 .° .. .

6 ... . ] _
r(lPlD, 'gQ\P‘D . ﬁl.;xi\'.re:*sal functions of the bouhdary-—

-~

layer calculation

Bopit . - position of the instability point, \
St . " measured along the contour of -the
nose of the. profile co

8 pésition.of the ssparation point
Ar6 according to P6 méthod

I. STATEMENT OF THE PROBLEM3

The position of the transition point laminar/turbulent
in the frictional boundary layer ie of decislve lmportance
for the problem of the theoretiocal calculation of the
profile drag of an airfolil -since the friction drag
depends on it to a high degree. The position of the
transition point on the airfoil is largely dependent
on the pressure distribution along the contour of the
profile and, therefore, on the shape of the airfall
section and on the 11££_nqefiicient. A way of theoretical
calculation of the start of transition (instability
point), that is, the point downsiream from which the
boundary layer 1s unstable, was recently indicated
by H. Schlichting {1,3,%) and J. Pretsch (2).

According to present conceptions the turbulence
observed in tests develops from an unstable condition
by & machanism of excitation as yet little known;
therefore, the experimental transition polnt is always
to be expected a little further back than the theoretical
instability point,

Knowledge of the theoretical instability polnt 1s,
nevertheless, important for the research on profiles,
in particular for the drag problem, Recently a report

1An extract of this report was given in a lecture
of the first-named author at the Lilienthal meeting
for the discussilon of boundary~layer problems in
G¥ttingen .on October 28 and 29, 1941.
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vas made about. afrfoii’ sd@ti} ..vpich due to a position
very far back of the instability dnd transition point,
have sur risingly small drag_ooefficisnts Jaminar
profiiles), - Thus far no, syqtamatical Invegtigations of..
the influencéd of the shape of the profile upon the -
position of the transition point have been made either
experimentally or theoretically. . The. following calouﬂ
lation of the theoretical instabflity point is, -
therefore, given for the first time in a sufficlently
large range of c,—values and Reynolds numbers to
achieve a greate% svstematization of alrfoll sections, .
In order to keep the extent of ¢alculations within -
tolerable limits only the two most important profile
paraneters, thickness and camber were varied. A rather
convenlent and accurate mode of calculatioh of the
potrntial flow for the profiles 1s lmportant for these
investigations and the selectlion of & series of .
Joukowsky profiles was, therefore, natural, It wvas

" not advisable to-take for imstance .the NACA series as -

a basis; the calculation of the potential flow for .
such profiles according. to the methods at present -
avallsbls does not achieve the accuracy which is .
requlred here, ' . _' ' : .

II. EXTENT OF THE INVESTIGATION'

A serles of ordinary Joukowsky proflles of .the .
relative thicknesses d/t = 0, 0,05, 0,10, 0.15, 0.20,
0.25 and the relative cambers £/t = 0, 0,02, 0,CH,

0.08 were taken as a basis, (See fig. ’1.) .. For instance,
J 415 'stahds for the Joukowsky profile of camber . .

f/t = 0,04 "and the thickness 4/t = 0.15. The c —region
which vas -examined 1s Cg = 0 to 1 and the Re-numBer .

Uot 4 . 8 . a -
range Re = - = 107 to 10°, Tre complete calculations

were ‘carried out onlz for the following grofileq- 000,
005, 015, 025, 215, 400, 415, ko5, 300, 315, and 825, . -
The resul ts for the remaining profiles could be -obtained
by interpolation. Thus 1t was posslble to obtain 8
result wlth_tolerabls. loss of time in spite of the very’
extensive program- (four parameters): & tertaln amount

of accuracy had to be neglected since the intenpolation
sometimes was canried,out over throee points. .

>
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JII, THE CALOULATION OF THE POTENTTAL VELOCITY
ATD 'rms PRACTICAL Arm.xcmxon OF 'I'HE BOUNDARY
- ' LAYPR AND STABILITY CALCULATIONS
‘(a) The Potentisl Flow

The calculation of the potential velocity with 1ts
first and second derivatives along the profile contour
forms the basis for & boundary layer and stabllity
calculation. The potential flow about & Joukowsky
profile is obtained by conformel mapping of the flow
about a circular eylinder. (See f£ig. 2.)

A short list of the most important symbols and
formulas for the profile contour and for the velocity
distribution follows-

g =x + 1y
= Coordinates in the complex plane
§='§+1'q
mapplng function:
& -82 -
=Z+—z—
cirele Ky—)mean camber line.of the profile-
circle K -— cambered profile

a radius of the unlt circle in the Q—ﬁiane

R - i_ radius of the oircle to be mapped in the z—plane
t " wing chord - |

t! ‘ length of the profile contour from nose to

trailing edge (different for suotiqn and
pressure aide) _ ,

x;,'yo coordinates'of the center of the ‘oirels to
. be mapped in the z-plane (circle K)
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o, V1 center céordjnates of ‘the mapping circle of the
mean camber line of the profile (circle Ky)

] varying angular. coordinate of the conformal
transformation ~

- gero 1lift direction (See fig. 2.)

a angle of attack of the airfoil referred to

the theoretical chord .

a geometrical angle.of dttack referred to the

g o bitangent (See fig, 2.)
Profile nose: o@i= T + B -

Trailing edge: @ = B
x .

1? ey = thickness parameter; k = 1 + §1

See table I.

Y1 "
& = ¢y = camber parameter

B = arc cos — = arc sln —————==—
\‘1+€ \,l+€4

The profile paramcftcrs €4 4, and B ~can be found
in table 1.
Profile contour: . - ) N

2
%‘*h%é\|1+e4 cosq)—e>é+> 1+(k+€])
k + 6

e g+ 7T i ) _;@

?(1)'
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N=k26+2‘4>+e +2k41+6 ( c'ostp+culcsinq>

4

1 (i x o, F - (1(a))

"=2"' k+ €

- Nose radius B/t:
For symmetrical proflles the equation

2
P N
EH - ™ ﬁ—ﬁ2-
‘1 o+ 26 4 e S . (2)

is valid exactly. This formula may with a good approxi-
mation also be applied to cambered profiles, The
numericel values 1n table 1 show that the nose radlus

of the Joukowsky profiles 1s only little larger than

for the NACA profile fami%y according to NACA report 460
for which P/t = 1,1(d4/t)

Velaclity dlatribution:

| Up

50‘-2 sin (p ~a) + sin (u.+s_)] Pl(tp) (3)

Stagnation points: Back ¢ = — B

Front P = 1r+ﬂ+2a

\j(N—1)2+4k2(4+\{T:€—2 sin cp)

(%)

?1(@)
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Velocity at the trailing edge:

: lim_ﬁ (g_rg)= cos (a +_pl (5)
? \ < k\,l €2

Arc length:

[7:02  7:\2
as dx d
% - \[(w) @) (6)
8 as & function of ¢ 1is to be ascertained from (6) by
graphical integration or can be seen directly in an
enlarged presentation of the profile contour (t = 1m),

Velocity gradient:

1 dUp N ' '
—_—= 2 tos - a
U ao ﬁm s (¢ —~ a)

+l-v-;%7§[sin (p —a) + sin (a—Bg

- 2k(eu ¥ ql + €, sin cp) |

L = (N =1)% + 4%

B=N1N'-N[(N—l)N'+2k\|1+e42Acosﬂ |
N! = 2k \ll + e ( sin o + Gll-k cos Q) (7)
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'I'he :riiyéﬁ"aei'-ilw_r'ap;v_e of thedB;tential velooiby with
respect to the arc length . g5~ wgg.oalou;gteﬂ_ .
numerically from equatiors (6) and (7), and from that
graphically the sebéﬂd.depivatiVe imgm:

Relatlion between ¢, &nd a:
‘6. = 87 Bsin (a + B)
a B

R k V1 + G#E—

T"- 3 s compars tables 1 and 2,

3+29h +x¥eg

(b) Boundary-layer and Stability Calculation

After calculation of the potential velocity with~
its first and second derivatives along thc profille
contour there 1is a boundary—layer and stabllity calcu—
lation to be made for each profile. The boundary—layer
calculation according to Pohlhausen (5) wes based upon
the differential equation for the boundary layer thick—
ness in the shape indicated by Howarth (6¥2

dez
2y E.._ars#tj"- f—(gi\l + z,%g (A)U! (8)

2In the meantime a simpler form of the Pohlhausen
equation was indicated by H, Holstein and T, Bohlen (10)
vwhere the momentum thickness appears as independent
variable, For this method the second derivative U" -
is unnecessary; the integration procedure is thus
simplified considerably. - -- ' :
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The following symbols stand for

ATy, £2 d2u
rr.v“-’ﬁ"‘—f

o
"
!
‘43
H

g T boundary layer. thickness :according to- Rohihausen Pli,
T 2'
Bpu

=]

'—?-,
t.

]

z}_:_ - -

‘|

KPLL = zh Ut = form pararmgter azcordin: to Pohlhausen

f(xph) and 8(7\P;,r) = anivarsal t‘:.ncti-cn-ss:.

1
S5 G
g(\) s T

Initisl conditionz:’

R ut the s+agnatim 1oint

_ . : X& 74052
that is, . L

. X ..



NACA T™ No. 1185 11

Besides, .l _ .- ..
. '--‘HF .

540' R 51391;575 (10)

The isocline method was selected for the soluﬁion of

the differential equation.. The particular advantage of
this method is that not only the initial value Zno is

known, but that the initial- inclination at ‘the stag— .
nation point ‘40 also can be ‘determined,. The* latter

value 1is obtained by ‘exact performance of the limiting

process lim 3— in (8) (Howarth(6))., With ° Zy,' known

' U-0 ’ .
the integral curve passing through the initial value Zyg
is easlily found which otherwise 1s not immediately

possible because of the singularity of the Pohlhausen -
equation at the stagnation point.

For the profiles of the thickness d/t = 0, that 1is,
for the flat plate and the circular-arc rofiles, the case
vhere the flow does not enter abruptly (a = 0) "is
exceptional since there exists no true stagnation
point: , the veloclity at the leading edge has a finite
value different from 0. The initial value of the
thickness of the boundary layer 1is here zero, that 1is,

&t the leading edge there is:

Zyg = O ' (11)

‘Profile Cq not abrupt
Flow entrance

200 - Y R

400, _ -2
# . ——d

800 1
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The veloclty near the leading edge of clrcular-arc’
profiles takes the same course as \/8: '

U

m=U°°+C\/S+...

Ll |

that is, U becomes with s—» 0 infinite like 1/ Vs;
tlie veloclty has a perpondlieular tangent which always
occurs when the contour of the profile shows s sudden
change Jn curveture as it does here (v. Koppenfels (8)).
z)i’. near the leading’'edge for a circular-arc profile
behaves like z) for the flat platé,_ghat is,  zy 8goes
in.a linear.prelation to s towerd. 0, Taklng these’
facts into consideration there results et the leading
edre: ' ' C

s o o 3%.05 -
KO' 0, le.o Uoo (12)

It has proved advantegeous to calculate the line
elements z,' directly from the equatlon (8) by means

of & plotting of the ourves f(Apy) and g(h, ). (See.

fig.-'3.) This method 1s superior to the calculation of
the line elements by means of the often used nomograms

of Mangler (7) with respect to accuracy and its equal with
rospect to loss of time., Generally 1t will be sufficlent
to determine the line elements for each value of the
abscissa s/t at two ordinate values only.

Tho boundary—layer calc¢ulation ylelds for each
profile for a given . valuc the hondimensional

boundary leyer thickness Zy and the form perameter Apy

as a function of the lehgth of the src s along the
contour., The distribution of velocity u(y) in the
laminar boundary layer is then obtained from:

*For the Flat plate %), = 34.03 s/t [eccording to
Pohlhousen (5)). , _ ) :
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2 - Fh@%[;)""' xﬁm%ﬁ)- g (13.)_
%" a‘-’*m'a(m) Qm) 1

‘ah=%--. Ph) GD 6<Ph>> A1)

The presults of the boundary-layer calculation for
the profiles J 800 and 'J 025 hsave been plotted as
examples in figures |, and 5: ‘the form parameter th

and the nondimensional displecament thiok-

wilth

ness T >’ with 08+ standing for the dlsplece-

ment thioyness.

The following relation exists between the dlisplace-
ment thlckness and the bowmdary layer thickness according
to Pohlhausen:

6* = &) (0.3 ~ EE% ‘ (15)

The displacement thickness of the flat nlate in 1ongi-
tudihal flow (Aph_ = O) 1s represented gravhiocslly

"in figures L, and.5 for comparison., The followlng equations
are valid: , 1 :

"’5@- amEE’*.EE’-”J zu-1-75t/ a8

ol




U, N.LCL TH No. 1185

The profile J 800 (fig. li) shows clearly that
the displacement thickness for dccelerated flow (suction
side) 1s smaller than the displacement thickness of the
flat plate whereas it is larger for retarded flow
(pressure side). (Compare also fig. 16.)

From the boundary-layer calculatlon there result
also the laminar separation points, According to
the four=term method of Pohlhauson separation occurs
at Aply T =12, according to the six-term method (see

below) at Apg = -10 corresponding to M), = =963,

Flow photographs have been taken in a Lippisch
smoke tunnel for a part of.the caiculated profiles of

models of 50~centimeter wilng chord and at Re-numbers -%-

of about 2 X 107, The points of sepaeration have been
ascertained from the flow grapha (figs. 6 to 11, appendix),
Figure 12 shows the experimental and theoretlical separation
points for varlous proflles for comparison. Compare

also tebhle 3, The agreement 1s rather good,

After *Ph has been ascertailned as a funotlon of

the length of the are s there results the lnstability
point s/t)crit from a stability calculation

(He Schlichting ()i)) base” on the siz-Lorm mothod of
Pohlhausen, The Pb-metiv:i is based on a one-parameter
group (parameter Apg) of boundary-layer profiles
whioch can be represented by polynomlals of the sixth degree.
An investigation of stability was carrisd out for a
number of these boundary-layer profiles in (l); first,

. . (U6
the critical Re-number of the boundary layer T

cerit.
. a8 8 function of A, was obtalned, The critical

/ U, 6%
m
Re-number of .the laminar layer |—; as a function
: erit. ’

of MEL (fig. 13) is then immedlately known nlso
because of a unlversal relation between 3p4 end Aply
indicated in (L).
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Once hPh(s/t) has been ascertained from the

boundary—layer calculation aocording to Pohlhausan's
- - - U 6, .- e g e
method a critical Re-number (\m may be
v Arit,
coordinated to each point of the profile by meens of
figure 13. ¥oreover the.Re~-number of the boundary
Sl

layoer we=—— can be calculated for each point of the

)
Uot
profile at a certain -;-.
» . .t I
Um5 - ;@_ V;"' _35_1 JE,O_E (17)
v Q PY

The location of the instebllity point is then glven by

Uma* ’U ol
(18)
v -\ ecrit.

IV. RESULT3

(a) Influence of the cg-Value and the Re-number

The results of the stabllity calculation, that is, the
position of the theoretical instability point’ (
(J

I’it .
for the sample profiles J 800 and J 025 are plotted
in figures 1l and 15 against 0y With the Re-rumber

Ut ..
as paremster and furthermore agalnst -%r with the

cg=value a@s paraméter. The characterlstlc course of the
ourves is the same for all profileos; the following
statements ere velids ‘the instability point travels,
with- lncrepasing o, at a constant Re-number, forward

i
i
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on the suction side, backward on the pressure slde;
the Instability polnt travels forward on both suction
and pressure slde wilth ‘Iincreasing.Re~number at a

flxed c_ -~value. This bshavior 1s domonstrated very -
clearly In figures 16 end 17 which represent the
velocity distributions for the two profiles J B00 and
J 025 for the vaerlous eg-values with instabllity and
separatlon points. Qne cdn see in particular that the
instab%l%ty points of the suctlon side for Re-numbers

from -%-—= 107 to 107 1ie near the veloclty meximum;

mostly the position of the instebility point for Re = 106
agrecs woll with the locatlon of the wveloclity maxlmum,
The pressure side of J 800 in the case where the flow
doss not enter abruptly (cg = 1) 18 an sxception
emong the cbove mentioned eéxamples, since the flow from
the leading edge to the center of the profile is con-
slderably Increased so that no relative veloclty
maximum exlsts, Mseasurements concerning the dependency
of the transition point on the c -value were talten

by A, Sillverste!n end J. V. Becker (9Y)., These tests
showed (as a resuvlt) the same dependency of ths
traasition polnt upon the 1ift coefflicient as the
proscnt thecretlcal Investlgations.

(b) Influence of the Camber of the Profile

The influence of the camber upon the posltlon of
the instabiliiy 3zolnt cen be described as follows:
the instabllit; point travels with inersasing cambor,
at constant thickress, for all c_=-values and Re-numbers
backwerd on the suctlon side, forward on the pressure
side,s Thles Influsence of the camber.cen boe understood
from the fuct thet the stagnation point and therefore
the region of the accelerated stabllizing flow trevels,
with Increasing cember, backward on the suctlon silde
wheroas bwcause of the flow around the nose of the
profilv & reglon of consldsrably retarded destabllizing
flow originates lmmedietely behind the nosc on the
pressurs silde. Flgure 18 ropresents es cn exemple the
results for proriles of the thickness -d/t = 0,15,
with veriaeble camber £/t for c_ = 0.25 and again
the Reemumber as parameter. Tho furves for all thick=- |
nosses and all c,~values have the seme characteristica,.
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<o ... 48] Foflvengs of the Frefile Thickmess

The dependency of the instahility point en the
thickness ocannot be desecribed in such genersl terms
as the influence of the camber since thilia influence
depends in the following way on the 8, value: A

certaln "oy not abrupt flow entrances that is, the
6y value that corresponds to the not abrupt entering

of the.flow (a = 0)* for the cirocular arc. profile .
with the given camber, is coordinated to each wvalue of
the camber f£/t, The curves (s8/t)gp4t, versus 4/t -

at a constant €/t show on principle two different
typea (fig. 19): . '

I, With increasing thickness, the curves (s/t)orit.
versus d/t start from a finite value and have a :
flat minimum:

On the suction slde. for og 3 cgq for not abrupt
flow changes, >

On the pressure side for og = cg Tfor not abrupt
flow changes.

IL. The curves (8/t)ynyy, versus d/t rise starting
from O with increasing thlckness; hence, the transition
point moves backward as follows:

On the suction slde for cg > cg ror not abrupt
flow changes, '

On the pressure side for ap < ¢g for not abrupt
flow changes.

The' results for the symmetriocal profiles at og = 0.25
are representedé as an example In figurs 20, For the
symmetricael profiles: ¢g' ror not abrupt Plow changes = 0,
that is, the dependency c¢. the instabllity point on the
thickness 4/t for all cg > 0 is of type II on the

suction side, of type I na the pressure side.

The flat minivum in gurves of type I does, some é
cases, not exlst at high Re-numbers (Re = 10f to 10%), °
end (8/t)opit, versus 4/t rises from the finite

value q/% = 0,
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(d) List of Tables for the Separsation and Instabllity
Point in all Joukowsky Profiles

The total result of the boundary=-layer end
stabllity calculations is represented by a graph of the
curves (s/t)yp ¢ = const. end (8/t)ypyy, = const., respec-

tively, in a syastem of axes thickness 4/t ~ camber £/t.
(See figs. 21 to 30.) A profile corresmonds to each point
of the plane. In particular, the symmetrical profiles

are coordinated to the voints of the d4/t-axis, the
oireular arc profiles to the points of the f/t-axis,

and the flat nlate corresponds to ths zero point.

Iift coefficlent and Re-number are consldered as
parameters. One has therewlth a catnlogue of Joukowsky
proflles that make 1t possible read off, for every

profile in the region oS a/t S 0,25; ng/t s 0/08,

the position of the separation pointé for O s c s 1

(figs. 21 and 22) and the position of the instaBility

< <
polint for O = ¢g = 1 and 105 £ Re S 108. Plgures 23 to 30
represent the curves (s/%orit. = const, for the

U
Reynolds numbers from Re = —%E = 107 to 108 at

the og-values o, = 0, 0.25, 0,5, and 1 for suction

and pressure slde., For instance the values indicated
in the following table for profiles of the camber £/t = 0,02

and the thickness 4/t = 0,10 to 0,15 at Re = 10° and 107
are taken from these renresentations. (See page 19.)

The most remarkable matter in thls granmhical repre-
sentation 1s the locatlon of the curve (s/t),p ¢ = 0, and
(8/t)yp1g, = O» respeotively, at the various og-values.

The positinn of this zero curve 1n the catalogue for the
instabllity points wlll be discussed; the same 1s valid
for the senaration points. (8/t)gn4y, = O cén only

appear for the flat plate and the circular-arc profiies
on the suction side for cq > ¢4 for not abrupt flow

ohanges, on the nressure side for o4, < o, for not
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é - e —————————
> - 1
£/t = 0,023 d/t = 0,10 to 0,15 A
T T E
¢ | (s/t) Suction {(s/t) Pressure |(s/t) Suction'  |(sft) ...:, Pressure
& orlt. " g1ae - orit. giac orit. " To1ge - | . crit. .aide!
0 0.270 to 0.255 0,05 to 0.075 0,165 t0 0,175 0,03 to 0.05 .
C.25 | " 02200 to 0,205 0,085 “to 0,11 0.1 to £.13 0,05 to 0,06
0,5 | 0,155 to 0,160 0,18 %o 0,16 0,05 to 0,08 0,110 o 0,115:

61
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« The curves (s/t = 0 always
obrupt flow changes . cury ( / ) crit. ey

coincides with the f/t-axis} 1t forms & part of
the f/t-axis which is-determined by the actual c_-value.

Therefore no point (s/t) erity = 0 exists on the suction

>
slde for 6y, = 0 sinee Co for not abrupt flow changes 0

for all circular-arc profilese. For the prossure side,

on the other hand, (a/t) orth = 0 on the whols f/t-axis,.

There follows in the aame yay for ¢, = 0.25

that (s/t)crit =0 for 0 = £/t < 0,02 on the suctlon
side end for £/t > 0.02 on the pressurs side. Pressure
and suctlion slde, therefors, alweys comploment each
other. The polnt whilch corresponds to the circular-arc

profile with Ca = g for not abrupt flow changcs

(for instance J LOO at e, = 0.5, comperc figs. 23 to 30),
that 1s, the end point of the distance (s/t) 1t

1s a singular polnt in the followl sonswe The point

itself assumes a certain velue (s/t (difrerent
ecrit,

for pressure and suction side), but an infinite number

of curves (s/t) ortt. const. which are-crowding

together -asympteotlcally howard (s/t)crit. = 0 run

into it, It 1s true,. these relations for the very thin
profiles give only quallitative results from the present
investigatlons. An additional serles of thin proflles
would have to be investigated in order to meke more
accurate statements possible. kowever, only proflles
with thicknesses 4/t > 0,05 which can be analyzed
quantlitatively, ars of practical Interest.

For c_ = 0, (s/t) 1t 1s the same on suction and
[ ]

pressure side for the symmetrical profiless Therefore
the curves (s/t) . o . const. for suction and pressure
cY .

e

side would zdjecin at cg = 0 in a Joint representation
of the suction and pressure side ‘where for the pressure
slde the measure of the camber is directed downward,

For values ¢, # 0 also the curves (s/t)cr‘t = const#
. Lue
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have continuations which corresponﬂ Yo the
16 = gonsts for the-pressure and -

suctlon slde, reapectively, at the appertaining cg-value
with laverted sign.

(e) Mean Value of the Laminar~Flow Distance on
Suction and Pressure Slde for all Jouikowsky Profilea

In view of the development of laminar profiles
the mean value of the laminar-flcw distance on suetion
and pressurec side is interesting., -Figures 31 and 32

show the curves mean value (s8/t orlt. = conat. in

the d/t-, f/t-plane for various 1ift coerfficlents and

t ’ i
ths Re-numbers = 10% ani-107‘ f

= 0,
rit. 5

+ ror -
(évrit. suctlon ~ “erit. presoure)J Generally the

f0110winb conclusions_are valid: <Tke proflles with the
smallest mean valuo (s/f rit, TOT & certain c -valua

lie near the circular-arc profile to which this value

1s coordinated &s a for not ebrupt flow changes’

Thils profile will be for cy = 0 +the flat plate,
for c, = 0.25 the profile J 200, for Cg = Cs5 the

profils J 400 and finally for c, = 1 the profile J 800,

. Ut
There seems to be an exceptional case at Fe g = 106

and cg = 0.5 (fig. 31) which can be oxplalined as’
follows: The circulsr-arc profile for which at the.
consldered cg-value the flow enters "not abruptly"

(for instance J LOO at ¢, = 0.5) 1z a singular point
in the f£/t-, d/t-diagram. Approaching thias profile
oa the f/t-axls from two different sidss one obtalns
two different limit values (s/t)crit , 8ince once only

the suction slde and once only the pressure silde
contributes to the mean value. Only for the sipgular
polnt 1tself. suction and pressurg side contribute so
that this profile has a higher (a/t) Pit than . the

[ ]
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profiles on the f/t-axis neer it, If one now considers
the curves mean value (s/t) rit, = Gonats for yalues

higher than the two limit valuea (renge I). These
curves enclode the singular point and end at two points
on the f/t-axis. The remaining smaller mean -

values (E/t) rlt. generally cover only & small region

near the singular point (range II) where, with the
present Investlgations as a basls, more accurate
statements are not possible, Only for the

Ut . :
cese :?— = 106 " and ¢, = 0.5 the rahge II comprises
all profiles of. the series considered here since on the
pressurg side the profile J-1,00 at 6, = Q.5 and °

Re = 10° has no transition moint |j(s/t) e, = ;] and
therefore the point £/t = 0,0, obtains .a high mean .
value (s/t) > 0.5, For thls case there are closed

curves (s/t) = const. and there exists a profile (J 115)
with the smallost meen velue | (5/5) = 0.155 at

6 crit,
Re = 10

¥oreover, the followins results are obtalned from
figures 51 and %2: All Joukowsky proflles have small
mean values (s/t)c 44 3 for instance, the mean values

for practically important »rofiles with the camber
£/t = 0,02 and the thiclmess d/t = 0.10-to 0.20 at

Re-numbers of 106 to 107 are between 0,08 and 0.2.
These mean vclues are only to a small degree dependent
on the l1lift coefficlient; for 1nstange the mean values
for the profile J 215 at Re = 10 and at 11ft coefa-
flolents c¢_ =0 to 1 are between 0. 15 and 0.175.

V. SUMMARY

A serlies of Joukowsky profiles with thick-
nosses 4/t = 0 to 0.25 and cambors £/t = 0 to 0.08
was Investigated with respect to the position of the
instability point for various 1lift coefficients and
ie-numbers, The followlng result was obtalned: With
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1ncreasinu Re-number, the instablllty point moves
forward on suction and pressure side; with incressing
cg-value 1t moves forward on the suction side, baclkward
on the pressure side. The position of the instability
polnt as a functlon of thickness and camber of the
proflle is represented in the shape of a graphical

list of tables which permits the reading off of the
poeition of the 1nstability point on suctlon and pressure
slde as woll as of the maan value of the laminar-flow
distance on suction and pressurc side for each profile
of the serles, .

. Irenslated by Mary L. Mahler

Nationel Advisory
Committee for aeronautics
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TABLE 1
PROFILE CONSTANTS (COMMENTS SEE PARAGRAPH III (a))

92

dc
£ 1 a t! g o
Profile | 1 Eh B Zi(_da ) t K3 T e p/t
{deg) ¢, =0 8 Suction side Pressure side t - 3
(1) : (a/t)
(2)
000 0 0 0 1 L 1 1 0 1.183
005 Ol 0 0 1.0394 L.006 1.00 1.00 0031 .| " 1.180
010 .083 0 0 1,0765 .02l 1.01 1,01 0116 | - 1.172
015 0131 0 0 1.1139 h.osg 1,028 1.028 .0258 | 1.150
020 .183 0 0 1.1547 4.09 1.04% 1.045 OLL7 |- 1.118
025 240 0 0 1.193) L1256 1.0 1.059 Ob7h |- 1083
200 0 040 | 2.3 1.0008 " 1.002 1.001% 0
205 .0%1 Oho | 2.3 1.0402 4 +006 1.013 1.006 .0031
210 .083 040 | 2.3 1.07}% }.02] 1.025 1.009 0116 '
215 131 0L0 | 2.3 1.11 .05 1.041 1.016 .0258 .
220 .185 040 | 2.3 1.1556 .09 1.057 1.028 Obhy. | -
225 .2l0 OLo | 2.3 1.19 4156 1.077 1.059 067h.
00 0 «080 6 1.8032 )y 1.00] 1.00i; 0
hos .0l1 .080 ﬁ.é 1.0427 .006 1.0185 1.0035 .0031
416 .083 080 | h.6 1.0799 X 1.03% 1.00 +0126 -
h1s 131 <080 | L6 1.11 .05 1.049 1,012 .0258
L2 .183 .080 | L.6 1.15 .09 1.066 1.0215 o447
k25 .240 «080 | L.6 1.1972 156 1.085 1.0515 0674
800 0 62 | 9.2 1.0131 L 1.017 1.017 0 S
805 Ol41 Jd62 | 9.2 1.0530 1,006 1,029 1.01 .0031 | -
810 083 el 9.2 1.0906 .02l 1.042 1.0 0116 |
815 #2131 1l 9.2 1.13%0 ), 05, 1.058 1,01 .0258
820 .183 1 9.2 1.169 .09 1.07 1.023 .0227
825 240 62 | 9.2 1.2090 L .156 1.12 1,042 067 -

Annotations to table 1l:

1‘1‘he profile thicknesses 4/t determined by the parameter values Cl do not agree quite exactly with the

thickneas indicated by the profile type. The exact values of d/t are obtained by calculation of the profile
contour according to equation (1) with its wvalues of El and &£ L

2 a_3
There 1s valld € —>0: == Eﬁ—el.
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TABLE 3
LAMINAR SEPARATION POINTS; COMPARISON
OF TEST AND CALCULATION

S = Suction side, D = Pressure side

Ca 0 0.25 0.5 |0.75 1
meor. | § | 0929 |9.891 [0.835 | o
The Exper. | o | o°92 0.88 .83 .75
N s | 8925 ] .86 | .eeT5| 755
Exper. | 5 | -58 O-Sh .80 0.76 .73
Theor. | 3 | 207 6596
" Exper. | 5 .70 .28 .10 .015
o 3142 | 2| | 3B
J 025 Exper. | 3 lltg .ﬁ%s 235 .28 .32
meor | 5 | 1305 | B | 3F A
7115 Exper. | 5 | 193 .gg 73 :gg :ﬁg
moor. | 5 | | 1652 | -8 F
A HEIEIE IR
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015 215 415 815
N S~ "~

020

& & 9‘
— 025 o 225 o 425 /—\Q

Figure 1.- Joukowsky profiles: thickness d/t = 0 to 0.25; camber
f/t = 0 to 0.08. Profile number: for instance, J 415 stands for
the Joukowsky profile with £/t = 0.04 and d/t = 0.15.

E—xﬁ}

U,

—— ¢
Zero lift-axis

|
N 1
-_ |
T T - }

—— - e T
y +

——T'h:oretic‘l
74 d a -
= g chor i X,
= Profile parameter: £=7F (thickness par.)
Ue E‘g_:l (camber par.)

Figure 2.- Explanatory sketch to the Joukowsky transformation (schemetic).
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Figure 3.- Auxiliary function f(M pg) and g p,) for the boundary-layer

calculation.
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Figure 6. Profile J 4005 smoke tunnel

photographs (Re = 2. 10

).

*)} not abrupt entering.
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Figure 7. Profile J 800, smoke tunnel

photographs (Re

2. 10°). Laminar

separation points see Fig. 12.
*) not abrupt entering.
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Figure 8. Profile J 005, smoke tunnel
photographs (Re = 2.109).
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Figure 9. Profile J 025, smoke tunnel

photographs (Re = 2.109). laminar
separation points see Fig. 12.
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o | og® €t theor.
—4,6 —8,1 0
—2,5 —6,3 0,25
-—05 —4,2 0,50

1,45 —2,2 0,75
3,5 —0,2 1,00

Figure 10. Profile J 415, smoke tunnel

photographs (Re =-2.105). Definitions
of o and ocg see Fig. 2.
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«® 7 Cet theor.
—9,2 -11,3 0
—7.2 — 9,3 0,25
—5,7 — 7,25 0,50
—3,2 — 5,25 0,75
—1,1 — 3,25 1,00

Figure 11. Profile J 815, smoke tunnel
photographs (Re = £.10%). Laminar

separation points see Fig. 12.
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{5] = suction side Theoretical
(D) = pressure side —(Q— Experimental

10,
8,
' 0 ;\\%\4 soofs!
4 ~3 —
06| 7815(5]. =

7 025 0]

a2

815/0,

&X

025 075

Figure 12.- Laminar separation points A P g versus c,, comparison of test
and calculation for the profiles J 800, J 025, and J 815,
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Figure 13. Universal relation between the critical Reynolds number ( 13—) crit

and the form parameter A P4 -
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Figure 16.- Profile J 800: Velocity distribution with instability and separation
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points at various Re = 3 and c, - values.
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Figure 17.- Profile J 025: Velocity distribution with instability and separation

Ut
points at various Re = —vQ— and c, - values,
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Figure 1_8.- Influence of the camber upon the position of the instability point for
profiles of the thickness d/t = 0.15 with c, = 0.25. A = laminar separation

point; M = maximum velocity; S = stagnation point.
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Figure 19.- Characteristics curves about the influence of the thickness of
profile upon the position of the instability point. Suction side:

ca € €3 for not abrupt flow changes; Suctlon side: ¢y > C3 for not
abrupt flow changes; Pressure side: ca ¥ Ca for not-abrupt flow changes:

pressure side: ¢ < Cy for not abrupt flow changes*
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Figure 20.- Influence of the thickness of the profile upon the position of the
instability point for symmetrical profiles with ¢y = 0.25. A = laminar
separation point; M = maximum velocity; S = stagnation point.




46 ' NACA TM No. 1185

o ca=0 i ca=025
ans 85 ‘-aa /a'75 7 aos 5 75 /a | %67
aos , / / 06k ga75 I "ﬁ
\ | | el Y ]
\ \ / J \\ / /HL
as \ \ / @] am,g‘; T =
202 %x \ | aﬂzJ 7 ," // / L [
A\ :d 7/ B
A P N -
405 ar ars a2 wst 405 ar ars 02 025 ¢t
a0 ta=05 twﬂr fa=10
ao T T <oJ-- 1065
117 ’['"5 /0.7 ﬁsf o] \b\&:\:_// T [T —
L / — P AN N . 1]
) /I/ ass ‘\\\\‘\\ \ \\\: \ g/{
/’/ e /} \\ ‘\ N —1 |
a0kl L~ an ‘\\“\\ = =
ol ] | 2 RN I S e et PP
\\\\\\“"/ e il a5 \\\ o [~ ] 035
L 1 202 —]
N LT [ | o o NS 1 | [,
aN ~— FE] = ~ T
as ar ais [ a5t a0s at 015 22 a5t
Figure 21.- DPosition of the laminar separation point (s/t) Ap g 252 function
of the thickness of the profile d/t and the camber of the profile f/t; suction

side.
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Figure 22.- Position of the laminar separation point (s/1) Ap@gasa function

of the thickness of the profile d/t and the camber of the profile f/t; pressure
side.
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Figure 23.- Position of the instability point (s/1) crit, 28 2 function of the

thickness of the profile d/t and the camber of the profile f/t; suction

side; _Re = 109 .

flt ca=0

4

200——

. /&W /af Véy

as

18,

~ia

~in,

B

35

o s

Figure 24.- - Position of the instability point (s/t)
thickness: of the profile d/t and the camber of the profile f/t; pressure

side; _Re = 109
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Figure 25.- Position of the instability point (s/t) crit.2s a function of the

thickness of the profile d/t and the camber of the profile f/t; suction
side; _Re = 108
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Figure 26.- Position of the instability point (s/t)pit. @S a function of the
thickness of the profile d/t and the camber of the profile f/t; pressure
side; Re = 106
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Figure 27.~ Position of the instability point (s/t).pit,as a function of the
thickness of the profile d/t and the camber of the profile f/t; suction

side;

Re = 107
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Figure 28.- Position of the instability point (s/t) crit.2s @ function of the
thickness of the profile d/t and the camber of the profile f/t; pressure
side; _Re = 107
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Figure 29.- Position of the instability point (S/t)crit.as a function of the
thickness of the profile d/t and the camber of the profile f/t; suction

side; _Re_= 108
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Figure 30.- Position of the instability point (s/ t)crit.as a function of the
thickness of the profile d/t and the camber of the profile f/t; pressure

side; Re = 108
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Figure 31.- Mean position of the instability point (é/’c)crit for pressure and

. . _ 106 -
suction side at R& =10_ . (S)cpit.= 1/2 (Scrit. suct. side * Scrit. pressure
side)-
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Figure 32.- Mean position of the instability point (8/1) opit . for pressure and

. . _ 107

suction side at Re = 10 . (s)qp5t. = 1/2 (Serit, suct. side * Scrit. pressure
side).
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